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This review concentrates on US research activities in the area of cometary plasma physics during the four 
year period from 1987 to 1990. This quadrennium immediately followed the historic "traffic jam" on the 
dusty roads of Giacobini-Zinner and Halley; during this period there has been a substantial increase of 
activity in the area of cometary science. During these years the "comet rush" resulted in a better 
understanding of the major physical and chemical processes controlling cometary environments. The 
quantitative and qualitative leap of available information paved the road to a new generation. of 
comprehensive models synthesizing our knowledge about the ionosphere. magnetosphere. and solar wmd 
interaction. In spite of these major advances cometary plasma physics is still a rapidly changing - and 
sometimes controversial - subject, and one can can expect significant progress during the next quadrennium. 
INTRODUCTION 
The first results of the spectacular and highly successful 
missions to Comets Giacobini-Zinner and Halley were 
published shortly before the previous IUGG meeting in several 
special publications (Science. vol.232, pp 353-385. 1986; 
Nature, vol. 321, pp 259-366. 1986; Exploration of Halley's 
Comet, eds. B. Battrick, E.]. Rolfe, R. Reinhard, ESA-SP-250. 
1986), but most of the detailed data analysis. interpretation and 
model development has been carried out during the present 
quadrennium. These four years were also characterized by the 
development of a new generation of comprehensive cometary 
plasma environment models synthesizing extensive ground 
based and in situ observations. 
It was recognized about a quarter century ago [Biermann et 
al., 1967] that the expanding cometary exosphere represents 
an extensive, "soft" obstacle for the supersonic and super-
Alfvenic solar wind flow. The resulting interaction is very 
different from that with other solar system bodies with 
gravitationally bound dense atmospheres and/or significant 
intrinsic magnetic fields. Neutral atoms and molecules of 
cometary origin become ionized (because of photoionization, 
charge transfer or electron impact ionization) with 
characteristic ionization scale lengths of 105 - 107 km. The 
ionization process introduces a new. practically stationary 
particle into the high speed magnetized flow of the solar wind. 
Spacecraft instrumentation at comets Giacobini-Zinner and 
Halley detected large amplitude low frequency magnetic field 
fluctuations. These fluctuations grow from the relatively low 
solar wind turbulence level (at large cometocentric distances) to 
very large amplitudes in the vicinity of the bow shock. The 
enhanced fluctuation level is due to instabilities associated 
with the solar wind interaction with ionized cometary material. 
In their pioneering work Biermann et al. [1967] assumed that 
the plasma flow rapidly accommodates the new ions. i.e. the 
entire plasma popUlation can be characterized by a single 
temperature and flow velocity. Biermann et al. [1967] had also 
predicted that the deceleration of the solar wind flow by mass 
loading leads to the formation of a weak shock and the flow is 
impulsively decelerated to subsonic velocities. Later Galeev et 
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al. [1985] recognized that implanted cometary ions carry most 
of the hydrodynamic pressure and that charge exchange cooling 
of the implanted plasma population can play a very important 
role in the dynamics of the contaminated solar wind flow. 
Their model predicted a weak and highly structured shock with a 
viscous subshock, a continuously decelerated and cooled 
plasma flow behind the shock and fmally a stagnation region. 
The in situ measurements later confirmed the gross features 
predicted by this model. 
Downstream of the bow shock the plasma population is a 
varying mixture of shocked plasma (solar wind contaminated 
with upstream pick-up particles) and cometary plasma ionized 
in the subsonic region. This region is called the 
cometosheath. The cometosheath is characterized by a rapidly 
increasing rate of ion pickup (as the plasma moves towards the 
comet), 'resulting in continuous deceleration (and eventual 
stagnation) of the plasma flow, accompanied by increasing 
plasma density and magnetic field magnitude. The inner. 
nearly stagnating region of the cometosheath is primarily 
photochemically controlled and the plasma density varies as 
r- l . 
Our understanding of the main physical processes 
controlling the "ionopause" (the surface separating the 
magnetized cometosheath plasma from the magnetic field-free 
inner cometary ionosphere) was significantly modified by 
Giotto's encounter with comet Halley. The diamagnetic cavity 
boundary is formed at a location where the inward-pointing 
(towards the comet) total magnetic force (the sum of the 
magnetic pressure gradient and magnetic curvature forces) is 
balanced by the outward pointing ion-neutral drag force. 
Before the cometary encounters. an inner shock was predicted 
inside the "ionopause" to decelerate the supersonic outflow of 
the cometary ions and divert them toward the tail [Wallis and 
Dryer. 1976]. In !eality, the drag by the rapidly expanding 
neutral gas forces the plasma to maintain supersonic velocity 
up to the immediate vicinity of the diamagnetic cavity 
boundary, where it undergoes a shock transition [Cravens, 
1989b]. The shocked ionospheric plasma piles up, and is 
rapidly removed by recombination. 
This review focuses on recent (1987-1990) US contributions 
to cometary plasma physics. Special attention will be given to 
models and observations that modified our pre-encounter 
understanding of cometary plasma environments. 
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MAss loADING AND ITS CONSEQUENCES 
INTIIE UPSTREAM REGION 
Our present, post-encounter understanding of cometary 
nuclei is based on Whipple's [1950] "dirty iceball" idea, which 
visualizes them as chunks of ice, rock, and dust with negligible 
surface gravity. As comets approach the sun, water vapor and 
other volatile gases sublimate from the surface layers 
generating a rapidly expanding dusty atmosphere. The 
sublimated gas molecules (often called parent molecules) 
undergo collisions and various fast photochemical processes 
in the near nucleus region, thus producing a whole chain of 
daughter atoms and molecules. There is growing evidence that 
dust grain photochemistry, as well as gas - dust chemical 
reactions also contribute to the generation of the observed 
atmospheric composition. 
A well developed cometary atmosphere extends to distances 
some six orders of magnitude larger than the size of the 
nucleus. The dominant neutral molecules in this extended 
exosphere are H20, CO2, CO and their daughter products. Most 
of these neutral particles move with velocities of about 1 km/s 
with respect to the cometary nucleus and with a velocity of 
about -0 (0 =solar wind velocity) with respect to the plasma 
flow. Pickup of cometary particles, ionized by 
photoionization. charge exchange or electron impact, is the 
main physical process whereby comets interact with the solar 
wind. 
Freshly born ions are accelerated by the motional electric 
field of the high-speed solar wind flow. The ion trajectory is 
:yc!?idal, resulting from the superposition of gyration and 
txB drift. The resulting velocity-space distribution is a ring-
beam distribution, where the gyration speed of the ring is v.L =U 
sina, (where u is the bulk plasma speed and a is the angle 
between the solar wind velocity and magnetic field vectors) and 
the beam velocity (along the magnetic field line) is vlI=u cosa. 
The ring beam distribution has large velocity space gradients 
and it is unstable to the generation of low frequency transverse 
waves. 
In the quasi-parallel regime (a:S;600) the initial cometary ion 
velocity component parallel to the magnetic field exceeds the 
perpendicular velocity component. This situation typically 
results in the growth of electromagnetic ion/ion instabilities 
[Gary and Madland, 1988], especially the ion/ion right hand 
resonant instability, which has positive helicity and 
propagates parallel to the beam direction in the solar wind 
frame. These low frequency waves (which are sometimes called 
Alfven waves in the literature, even though strictly speaking 
they are not) are non-compressive, propagate near the Alfven 
speed (V A=B/().I.op)l!2, P being the plasma mass density) and are 
in cyclotron resonance with the pickup ions themselves. 
In the quasi-perpendicular regime (60o:s;a:S;900) the parallel 
velocity is smaller than the perpendicular one and the left-hand 
polarized electromagnetic ion-cyclotron instability becomes 
the dominant wave mode. There are two ion-cyclotron 
anisotropy instabilities: a positive helicity mode (which 
propagates antiparallel to the beam) and a negative helicity 
mode (which propagates parallel to the beam [Gary and 
Schriver, 1987]). In the limit of a=90o, these two instabilities 
grow at the same rate. The pickup-process-generated 
instabilities and their growth rates were discussed in a series of 
papers (cf. [Brinca and Tsurutani, 1987a; Brinca and Tsurutani, 
1987b; Brinca and Tsurutani, 1988a; Brinca and Tsurutani, 
1988b; Brinca and Tsurutani, 1989a; Brinca and Tsurutani, 
1989b; Brinca et aI., 1989; Gaffey et al., 1988; Gary et aI., 
1989; Gary and Madland, 1988; Gary et aI., 1988; Gary and 
Omidi, 1987; Gary and Sinha, 1989; Goldstein et al., 1987b; 
Goldstein and Wong, 1987; Goidstein et aI., 1990; Lee, 1989; 
Lee and [p, 1987; Sagdeev et aI., 1986; Thorne and Tsurutani, 
1988; Winske et aI., 1985; Wu and Davidson, 1972]). 
Upstream of the shock, where the condition V A/u«l is 
satisfied, the combination of ambient and self-generated 
magnetic field turbulence pitch-angle scatters each group of 
newborn ions from the pickup ring onto a spherical velocity-
space shell of radius u, centered at the average wave phase 
velocity. The average wave velocity primarily depends on the 
angle a. For quasiparallel configurations (a<600) the self 
generated waves primarily propagate in the direction of the 
ring-beam and only a few percent of the cometary turbulence 
propagates backward (toward the comet) [Milier et ai., 1990a; 
Miller et ai., 1990b]. In this case the ambient solar wind 
turbulence is an important contributor to the backward 
propagating waves and the average wave speed is somewhere 
between 0 and V A (see Figure 1). The wave field is 
quantitatively different in the quasiperpendicular case. When 
a>60o, an approximately equal number of the pickup generated 
waves moves along the ring-beam and toward the comet [Miller 
et ai., 1990a; Miller et ai., 1990b]. In this situation the 
average wave speed is approximately zero. 
In the case of perpendicular pickup, particles pitch-angle 
scatter toward isotropy in the average wave frame, which 
practically coincides with the solar wind frame. In this 
situation the pickup particles are scattered on the spherical 
velocity space shell B (see Figure 1). In a first approximation 
the pickup particles interact with the low frequency waves 
without significantly changing their energy in the average 
wave frame. As a result of this process the pitch angles of the 
pickup-ring particles are scattered on the spherical velocity 
space shell of radius u (see Figure 1) around the local solar wind 
velocity. Observations indicate that this process does not lead 
to pitch-angle isotropy until very close to the cometary shock 
[Coates et aI., 1990a; Coates et ai., 1989a; Coates et ai., 
1989b; Neugebauer et ai., 1990a; Neugebauer et ai., 1987a; 
Neugebauer et ai., 1989b]. The reason is that in the upstream 
region the ion production rate increases exponentially and 
therefore the pickup ion population is dominated by the 
locally implanted particles, which did not have enough time to 
pitch-angle scatter toward isotropy. As one approaches the 
shock region the pitch-angle scattering time decreases, while 
Fig. 1. Potential pitch-angle scauering path of implanted ions in the 
plasma frame. Here a is the angle between the solar wind velocity and 
magnetic field vectors, while v -t and VI represent velocity components 
perpendicular and parallel to the magnetic field. S marks the injection 
velocity of the freshly born particles and the line (SS') is the 
projection of the initial ring distribution to the (v -t, VII) plane. 
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the ion production rate increases only as r2. The consequence 
of these changes is that in this region the bulk of the 
implanted ion population did have enough time to undergo 
considerable pitch-angle scattering, thus their distribution 
approaches isotropy. 
The situation is quite different for quasiparallel geometries 
(a<600). In this case the pickup generated MHD turbulence 
propagates predominantly in the direction of the ring-beam. 
Pickup ring particles, which pitch-angle scatter on these 
fluctuations conserve their energy in the frame of the 
scattering turbulence; therefore, they populate a spherical shell 
centered around (v.L =0, vll= V A, where v.L and VII represent 
velocity components perpendicular and parallel to the 
magnetic field, respectively) and going through the injection 
point, S. This shell is represented by the arcs C and C' in 
Figure 1. At the same time there is ambient solar wind 
turbulence (and a small fraction of the pickup generated MHD 
waves), which propagates at the local Alfven speed along the 
magnetic field lines, and travels predominantly away from the 
sun. In the coordinate system of Figure 1 this turbulence is 
represented by the v.L =0, v 11= -V A point. Pickup ring particles 
scattered on these waves populate a spherical shell centered 
around v .L =0, vll=-V A and going through the injection point, S. 
This shell is marked in Figure 1 by the arcs A and A'. It was 
first suggested by Galeev and Sagdeev [1988] that in the case 
when the energy densities of parallel and antiparallel 
propagating Alfven waves are more or less identical, the two 
lower energy branches (in the plasma frame of reference) are 
most likely to be populated, since a large fraction of the wave 
energy comes from the ions, which therefore lose energy. This 
model predicts a bispherical distribution, with particles 
distributed along the branches A' (centered on -VA) and C 
(centered on V A). The bulk speed of the bispherical 
distribution is moved from the solar wind velocity to a 
velocity parallel to the injection ring beam. 
Implanted ions were detected at comets Giacobini-Zinner and 
Halley [Hynds et al., 1986; Ipavich et al., 1986; Kecskemety 
et al., 1989; McKenna-Lawlor et al., 1989; McKenna-Lawlor et 
al., 1986; Somogyi et al., 1986] as large fluxes of energetic 
particles. A significant part of the detected energetic ion 
population was observed at energies considerably larger than 
the pickup energy, indicating the presence of some kind of 
acceleration process acting on implanted ions. Velocity 
diffusion of lower energy implanted ions (near the pickUp 
energy) has also been observed by several instruments 
upstream of the Comet Halley bow shock [Coates et al., 
1989b; Neugebauer et al., 1989b]. The acceleration of the 
implanted ions in the cometary upstream region has also 
generated considerable theoretical interest. This problem was 
first examined just before the Giacobini-Zinner encounter 
[Amara and Formisano, 1985]. In a subsequent paper written 
shortly before the Halley encounters, Ip and Axford [1986] 
considered five potential mechanisms that can act to accelerate 
implanted ions. They concluded that in cometary 
environments the second-order Fermi acceleration (slow 
velocity diffusion due to the interaction with propagating 
Alfven waves) was likely to play a dominant role in 
accelerating ions of cometary origin far upstream from the 
comets. Later Isenberg [1987a] published an elegant analytic 
solution for a specific scenario, which took into account 
convection, adiabatic acceleration and velocity diffusion . It 
was assumed that the implanted cometary particles were 










Fig. 2. A schematic representation of the formation of multiple 
shocklets [Omidi and WillSke, 1990a]. 
the sun) and pre-existing waves in the solar wind 
(predominantly propagating away from the sun). In order to be 
able to obtain an analytic solution Isenberg had to make a 
number of simplifying assumptions; nevertheless this 
solution represents a major step towards self-consistent 
modeling of the upstream-region acceleration of implanted 
cometary ions. 
Shortly after Isenberg's analytic solution Gombosi, [1988al 
developed a self-consistent, three-fluid model of plasma 
transport and implanted ion acceleration in the unshocked 
solar wind. In this model the solar wind plasma (assumed to 
contain only protons and electrons) was depleted by charge 
exchange with the expanding cometary exosphere, while 
implanted protons and heavy ions (mainly 0+) were produced 
by photoionization and charge transfer and lost by charge 
exchange. A generalized transport equation describing 
convection, adiabatic and diffusive velocity change, and the 
appropriate production terms, was used to describe the 
evolution of the two cometary ion components, while the 
moments of the Boltzmann equation were used to calculate the 
solar wind density and pressure. This model has recently been 
extended to include the effects of first-order Fermi acceleration 
[Gombosi et al., 1989]. In this new model a modified scenario 
was suggested in which a second-order Fermi mechanism 
accelerates ions to moderate energies in the cometary upstream 
region and then in the foreshock region (where the solar wind 
slows down from its ambient speed to about 0.8 times its 
upstream value [Coates et al., 1987]) the superthermal 
implanted ions are further energized by a diffusive-compressive 
shock acceleration process (first-order Fermi acceleration) 
[Gombosi et al., 1989]. 
THE COMETARY SHOCK 
A newly born cometary ion is initially almost at rest, but is 
subsequently accelerated by the motional electric field of the 
streaming solar wind. Photo ionization and electron impact 
ionization result in the addition of plasma to the contaminated 
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solar wind, while charge exchange replaces a fast ion with an 
almost stationary one. It should be noted that at large 
cometocentric distances the two dominant cometary neutral 
species are H and 0 atoms, which both have large, resonant 
charge exchange cross sections with protons, which represent 
the vast majority of solar wind particles. The H+ +O~ H +0+ 
reaction also adds mass (but not charge) to the plasma. 
Conservation of momentum requires that the solar wind be 
decelerated as newly born charged particles are "picked up" by 
the plasma flow. This effect was fust modeled by Biermann et 
al., [1967], who assumed that the plasma flow rapidly 
accommodates the newly born cometary ions, i.e. the entire 
plasma popUlation can be characterized by a single temperature 
and flow velocity. This assumption made it possible to apply a 
single-fluid hydrodynamic treatment to the continuously mass 
loaded plasma flow and to use the conservation equations to 
describe the deceleration of the contaminated solar wind flow. 
Biermann et al. [1967] had also shown that continuous 
deceleration of the solar wind flow by mass loading is possible 
only up to a certain point at which the mean molecular weight 
of the plasma particles reaches a critical value. At this point a 
weak shock forms and impUlsively decelerates the flow to 
subsonic velocities. 
Wallis and Ong [1975] were the first to recognize that 
implanted cometary ions do not accommodate to the solar wind 
flow; therefore the application of a single-fluid hydrodynamic 
treatment was unjustified. By assuming that the flow velocity 
was perpendicular to the magnetic field direction and that the 
first adiabatic invariant of cometary ions was conserved, they 
were able to determine the implanted particle distribution 
function and combine it with the magnetohydrodynamic 
equations to obtain the contaminated solar wind flow 
parameters. In a subsequent calculation, Galeev et aI. [1985] 
recognized that implanted cometary ions carry most of the 
hydrodynamic pressure and that charge exchange cooling of the 
implanted plasma population can play a very important role in 
the dynamics of the contaminated solar wind flow. In this 
calculation, generalized transport equations were applied to 
describe the continuously contaminated plasma flow along the 
subsolar line. The model predicted a weak and highly structured 
shock with a viscous subshock, a continuously decelerated and 
cooled plasma flow behind the shock and finally a stagnation 
region. 
Bow shock crossings were identified in the data from each of 
the Halley flyby spacecraft at approximately the expected 
locations. The shock jumps were clearly defmed in many of the 
observations from the plasma probes and magnetometers on 
Giotto, VEGA and Suisei. For Giacobini-Zinner it is generally 
recognized that the pickup ions generated so much mass 
loading and turbulence that the shock crossing was extremely 
thick and difficult to identify. The detailed physical reason for 
the differences is still the subject of debate. The cometary 
"shock wave" is quite different than the "classical" planetary 
and interplanetary shocks, because the deceleration and 
dissipation is due to mass loading and wave-particle interaction 
and they take place over a very large region with the "shock" 
being only the downstream boundary of an extended distributed 
process. Omidi and Winske suggest that the concept of a 
single bow shock should be replaced by a series of relatively 
weak shocklets that evolve from steepened magneto sonic 
waves [Omidi and Winske, 1988; Omidi and Winske, 1990a; 
Omidi and Winske, 1990b]. These authors carried out a two-
step plasma simulation: first a large system was used to 
generate a series of kinetic magneto sonic waves via the 
resonant electromagnetic ion-beam instability, while in the 
second step one of these was isolated and its non-linear 
evolution was investigated in a smaller periodic box. These 
simulations clearly show the development of steepened 
magnetosonic waves, which are localized shock waves, termed 
shocklets, [Omidi and Winske, 1988; Omidi and Winske, 
1990a; Omidi and Winske, 1990b]. The shocklets move with a 
velocity of 2-3 V A towards the sun (in the plasma frame of 
reference), but in the cometary frame they are transported 
downstream, consequently, they can not form a standing 
"planetary" shock upstream of the comet. Omidi and Winske 
concluded that the solar wind is not shocked by a single 
standing shock, but by a series of localized, downstream-
transported shocklets [Omidi and Winske, 1988; Omidi and 
Winske, 1990a; Omidi and Winske, 1990b]. It was pointed out 
by Neugebauer [1990] that the magnetic profiles of Omidi and 
Winske's shocklets are strikingly similar to the steepened 
magnetosonic waves observed at Giacobini-Zinner [Tsurutani 
et aI., 1987b]. 
FROM THE SHOCK TO THE DIAMAGNETIC CAVITY: 
THE COMETOSHEA TH 
The cometosheath is located between the cometary shock 
and the magnetic field free region in the innermost coma. The 
plasma population in the cometosheath is a changing mixture 
of ambient solar wind and particles picked up upstream and 
downstream of the shock. The distinction between cometary 
particles picked up outside and inside the shock is important 
because of the large difference in their random energy. The 
random energy of ions in a pickup shell is typically 20 ke V for 
0+ ions picked up upstream of the shock. Cometary ions born 
behind the shock are picked up at smaller values of u, and 
consequently, the random energy of their pickUp shell is 
significantly smaller than that of ions born upstream of the 
shock. Overall ions retain (in their energy) a memory of where 
they were born, and the plasma frame energy of pickup ions 
decreases with decreasing cometocentric distance. The 
observed distribution functions are complicated, but behind the 
shock they become quite isotropic [Coates et aI., 1990a; 
Coates et al., 1989b; Neugebauer, 1990; Neugebauer et al., 
1989b]. 
The cometosheath is one of the most interesting and 
controversial regions of the cometary plasma environment. 
This fact is not surprising because several independent 
measurements were carried out in this region, but the temporal 
and spatial extent of the observations were limited enough to 
leave plenty of room for different interpretations. 
One of the debated issues is whether or not energetic 
electrons are a permanent feature of the cometosheath' The 
electron spectrometer on Giotto observed large fluxes of 
energetic (0.8-3.6 keV) electrons in the so called "mystery 
region" between about 8.5xl05 and 5.5x105 km [Reme, 1990]. 
At a cometocentric distance of about 5.5xl05 km these fluxes 
abruptly disappeared, simultaneously with a sudden decrease of 
the total ion density and velocity and an increase of the ion 
temperature. At the same time the magnetic field changed 
direction and became much smoother. Reme interpreted this 
change as a permanent feature of the cometosheath and found 
similar events in the Vega and Suisei data sets [Reme, 1990]. 
A different view was presented by Gringauz and Verigin [1990], 
who did not see evidence of the presence of energetic electrons 
in the cometosheath and interpret the Giotto energetic electron 
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event as a transient feature generated by a passing 
interplanetary disturbance. 
Another subject where different opinIOns exist is the 
collisionopause. Near the shock the plasma is practically 
collisionless, but collisions become more and more important 
as one approaches the inner regions of the cometosheath, 
because both the neutral gas and plasma densities increase and 
the plasma flow velocity decreases. One definition of the 
collisionopause was given by Mendis et ai., [1986], who 
defmed it as the boundary where the mean free path of the ion-
neutral momentum transfer collisions equals to the 
cometocentric distance. On the other hand there are many 
kinds of different collisions, such as charge exchange, elastic 
electron-ion and ion-neutral, electron impact ionization, ion-
neutral chemistry; and the collisionopause for every single 
process will be located at different cometocentric distances 
[Cravens, 1989a; Cravens, 1990a]. Cravens defines the 
collisionopause for a given collisional process as the 
boundary where the characteristic transport time ('tT) of the 
plasma is equal to the characteristic collision time ('tc) for the 
given process [Cravens, 1989a]. Cravens estimates that the 
ion-neutral charge transfer collisionopause is located at about 
1.5x105 km, while the collisionopause of H20+ (due to ion-
neutral chemistry) is located at about 4x104 km [Cravens, 
1989a]. 
Another very interesting feature in the cometosheath is the 
cometopause, discovered by the Vega plasma instrument 
[Gringauz et ai., 1986a; Gringauz et al., 1986bJ. At around 
1.65xl05 km the PLASMAG instrument observed a sharp 
transition from a primarily solar wind proton dominated 
plasma population to a mainly cometary water group ion 
plasma. This transition was also accompanied by a moderate 
increase in the low frequency plasma wave intensity, while 
there were no obvious changes in the magnetic field [Gaieev et 
al., 1988]. The plasma instrument on Giotto also observed a 
plasma boundary at about 1.35x 1 05 km cometocentric 
distance. However, there were important differences between 
the Vega and Giotto observations. As summarized by 
Neugebauer, [1990], the Giotto magnetometer observed an 
increase of the magnetic field magnitude by about a factor of 4 
[Neubauer et ai., 1986], accompanied by a decrease of electron 
density and a change in the angular distribution of electrons 
from nearly isotropic to strongly anisotropic [d'Uston et ai., 
1989]. The ion composition changed from solar wind protons 
to primarily cometary water group ions, but the transition was 
much broader than either the magnetic discontinuity observed 
by Giotto or the cometopause observed by Vega [Neugebauer, 
1990]. The unexpected feature of the cometopause was not its 
existence (a gradual transition from solar wind dominated 
plasma flow to a heavily contaminated, pick-up ion dominated 
plasma was predicted by several theoretical models [Galeev et 
al., 1985; Mendis et al., 1985]), but its sharpness. It should 
be mentioned that some scientists question the existance of the 
cometopause: they argue that this structure is probably the 
result of passing interplanetary discontinuities [Reme, 1990]. 
Several theoretical models were suggested to explain the 
physics of the cometopause. The models can be divided into 
two broad categories: collective and collisional. Collective 
models explain the transition by some kind of resonant 
interaction. Galeev et al., [1988] suggested that at the 
cometopause the flIehose instability is excited by the velocity 
difference between the fast solar wind protons and slower 
cometary ions. This instability can result in a collisionless 
deceleration of the protons and a simultaneous isotropization 
of the proton distribution function. Outside of the 
cometopause cometary implanted ions gyrate around the 
magnetic field carried by the solar wind protons, while inside 
the cometopause the field is carried by cometary ions and the 
solar wind protons gyrate around the field. This means that the 
plasma detector pointing to the ram direction will see an abrupt 
increase in the number of detected cometary ions and a 
simultaneous decrease in the number of detected protons 
[Gaieev et aI., 1988]. Another plasmaphysical model is a 1D 
multi fluid MHD description, allowing for different solar wind 
proton and implanted ion flow velocities. In this model the 
flow decelerates near lOS km, where the flow speed and the 
proton Alfven speed are equal, indicating the presence of some 
kind of resonant interaction [Sauer et ai., 1990]. 
One of the collisional models considers the cometopause to 
be a boundary where enhanced momentum transfer with the 
outflowing neutrals decelerate the inflowing contaminated 
solar wind [Flammer, 1990; Mendis et al., 1989]. In this 
model the cometocentric distance of the cometopause (along 
the sun-comet line) is obtained by simply equating the 
momentum transfer mean free path with the radial distance from 
the nucleus. Another collisional model, which is capable of 
explaining the sharp transition at the cometopause, was put 
forward by Gombosi [1987], who suggested that an 
"avalanche" of charge exchange collisions in the decelerating 
plasma flow can rapidly deplete the solar wind proton 
population and replace it with slower water group ions. In 
order to illustrate this process, Gombosi [1987] published a 
one-dimensional analytic solution to the multispecies 
transport equations (valid along the sun-comet line). Later /p 
[1989] extended Gombosi's [1987] model to two dimensions 
using the flow field generated by a 3D MHD model [Fedder et 
al., 1986]. Figure 3 shows a comparison of Ip's calculations 
with the Giotto observations. Inspection of Figure 3 shows a 
good general agreement for water group ions, but shows solar 
wind protons penetrate further into the coma than expected. 
This discrepancy might be due to somewhat incorrect 
aeronomic parameters (the charge exchange cross sections are 
not well known) or to the neglect of magnetic field effects 
(after all, observations also show the presence of a magnetic 
discontinuity). It should be noted that magnetic field effects 
were included in the 3D MHD model of Wegmann et al., 
[1987], which also incorporated detailed chemistry. However, 
the Wegmann et al. [1987] calculation had only a limited 
spatial resolution in the vicinity of the cometopause. 
Inside the cometopause ion-neutral chemistry and 
recombination starts to become more and more important. 
Inside the collisionopause of the dominant process controlling 
a particular species, photochemistry dominates. For instance, 
the collisionopauses of the H20+ and H30+ ions are located at 
about 4x104 km and 2x104 km, respectively [Cravens, 1989a; 
Cravens, 1990a]. Inside these boundaries the net production 
rates of the H20+ and H30+ ions are nearly zero (i.e., 
production equals loss everywhere). For instance, H30+ is 
produced by the H:P+ + H20 ~ H30+ + OH reaction and is lost 
by dissociative recombination, H30+ + e ~ H20 + H. Inside 
the H30+ collisionopause the major ion is H30+, consequently 
the electron density can be obtained by equating the production 
and loss rates. The resulting electron density is inversely 
proportional to the cometocentric distance and proportional to 
Tl~4 (cf. [Cravens, 1989a; Cravens, 1990a; /p et ai., 1987]). 
This result was experimentally verified by the Giotto ion mass 
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Fig. 3. The calculated (left panel) and observed (right panel) cornetocentric variation of ion densities along the inbound Giotto trajectory. 
(Taken from [p, [1989). 
spectrometer [Balsiger et al., 1987; Balsiger et al., 1986]. It 
should also be pointed out that uncertainties of many of the 
important cross sections and reaction rates make realistic 
modeling of most collisional processes quite difficult. 
In the collision dominated inner region the energetics of 
ions and electrons is controlled by local processes, such as 
photochemical and collisional heating. Due to the very strong 
ion-neutral coupling the ion temperature in this region is 
mainly determined by the neutral temperature with corrections 
due to photechemical heating (resulting in about a lOOK 
increase) and ion-neutral frictional heating [Cravens, 1987; 
Haerendel, 1987]. 
Electrons outside the stagnation region are basically of solar 
wind origin, while in the dense inner coma the electron 
distribution is greatly modified by collisions and with the 
addition of a photoelectron popUlation. Several theoretical 
models were published to describe this changing electron 
distribution [Gan and Cravens, 1990; Korosmezey et al., 
1987]. These models consider two electron populations: a cold 
and dense component (Ile-l03-104 cm-3, Tc<1 eY), and an 
energetic photoelectron population. The photoelectrons heat 
the colder thermal population via Coulomb collisions. 
THE DiAMAGNETIC CAVITY BOUNDARY 
AND THE INNER SHOCK 
Before the Giotto encounter there was a vigorous debate in 
the literature about the existence and nature of the "ionopause" 
or "contact surface", separating the mixed, solar wind 
controlled magnetized plasma from the magnetic field free, 
cometary ionosphere (for an excellent pre-encounter review see 
[Mendis et al., 1985]). At a cometocentric distance of about 
4600 km the Giotto magnetometer detected a very sharp drop of 
the magnetic field magnitude from about 60 nT to practically 
zero [Neubauer et al., 1986]. Behind this boundary the 
spacecraft entered into a magnetic field free region, the 
diamagnetic cavity. The inner edge of the diamagnetic cavity 
boundary was very thin: the field decresed from 20 nT to zero 
within about 25 km [Neubauer, 1988]. 
There is a debate going on in the cometary plasma physics 
community about the terminology to be used for this boundary. 
Some people prefer the term "ionopause", indicating that this 
boundary separates the solar wind controlled outer region from 
the inner one, entirely controlled by cometary dynamics. On 
the other hand the cometary "ionosphere", the 
photochemically controlled region, extends to the H30 + 
collisionopause, located beyond 1 Q4 km from the nucleus. The 
correct (but not widely used) terminology should be 
"diamagnetic cavity boundary" (DCB), as suggested by Cravens 
[1989b]. 
The observations have led to a series of new theoretical 
studies of the DCB discontinuity [Cravens, 1986; Cravens, 
1989b; Eviatar and Goldstein, 1988; Flammer et al., 1990b; 
Haerendel, 1987; /p et al., 1987]. It has been recognized 
shortly after the Giotto encounter that the dominant factor 
leading to the formation of DCB is the balance between the 
outward ion-neutral frictional force and the inward pointing 
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IxB force (which is a combination of the magnetic pressure 
gradient and the curvature forces) [Cravens, 1986; /p et aI., 
1987]. 
Deep inside the diamagnetic cavity the cometary plasma and 
the neutral gas are very strongly coupled by ion-neutral 
collisions, and they move radially outward with the same 
expansion velocity. Outside the cavity the plasma is nearly 
stagnated (it slowly flows around the DeB). Some ten years 
before the comet encounters Wallis and Dryer [1976] 
considered the interaction of the solar wind with a point-like 
supersonic plasma source, representing the comet. and 
predicted the formation of an inner shock well inside the 
contact surface. This inner shock was assumed to decelerate the 
supersonic cometary ion outflow to subsonic velocities and 
divert the flow towards the plasma tail. On the other hand, 
plasma instruments on Giotto did not see any signs of a shock 
inside the diamagnetic cavity, but detected supersonic outward 
flow of cometary ions right up to the diamagnetic cavity 
boundary (cf. [Neugebauer, 1990]). The observations clearly 
disagree with the prediction of the Wallis and Dryer [1976] 
model and one has to ask the question: what happens to the 
outflowing cometary ions at the DeB? 
This question has recently been addressed using a one 
dimensional MHD calculation [Cravens, 1989b], who 
considered the physical processes in the thin layer (-50 km 
wide) between the stagnated plasma on the outside and 
outflowing plasma on the inside. In the inner part of the 
transition layer the outflow velocity drops to practically zero 
from its supersonic value, while the thermal pressure and the 
particle density increase in order to keep the total pressure 
constant. In the outer part of the layer the density (and the 
pressure) decreases because the large number of low speed 
electrons and ions easily recombine. On the other hand the 
total pressure remains constant throughout the entire transition 
layer; therefore, an increase in the magnetic pressure 
compensates for the decreased thermal pressure in the outer part 
of the layer. Eventually all plasma entering the transition 
layer from the diamagnetic cavity is consumed by 
recombination inside the boundary layer, which truly separates 
the cometary plasma flow from the stagnated solar wind 
controlled outside flow [Cravens, 1989b]. This means that the 
inner shock is very close (-50km) to the DeB. and there is a 
thin density spike between the shock and the diamagnetic 
cavity boundary. Recently, a very high resolution analysis of 
the Giotto ion mass spectrometer data confirmed the existence 
of the density enhancement [Goldstein et aI., 1989). 
THE PLASMA TAIL 
One of the very interesting and so far underexplored 
cometary regions is the plasma tail. The long. narrow plasma 
tail is one of the most visible cometary phenomena, and tails 
have been observed from earth orbit for a very long time. 
However, remote observations have only a very limited ability 
to provide information about such fundamental plasma features 
as magnetic field configuration, collective phenomena or 
reconnection. 
In September 1985 the International Cometary Explorer 
(ICE) flew through the inner tail of comet Giacobini-Zinner. 
The general magnetic field configuration in the tail was quite 
similar to the draped field model put forward by Alfven [Aifven, 
1957]. The ICE spacecraft observed two tail lobes with 
magnetic field magnitudes around 60 nT [Slavin et al., 1986]; 
these lobes were separated by a very thin layer of cold and 
dense plasma [Meyer-Vernet et aI., 1986). 
An extensively studied plasma tail phenomenon has been the 
occasional disconnection of cometary plasma tails. N iedner 
and Brandt, [1978] suggested that interplanetary sector 
boundary crossings are responsible for the disconnection of 
cometary plasma tails. Competing models assume that high 
speed corotating interaction regions (and not necessarily 
sector boundaries) trigger the tail disconnection, or that the 
phenomenon can be explained in terms of complicated 
cometary plasma processes [lockers, 1985; Russell et al., 
1986]. Based on simultaneous ground-based observations and 
information from the Vega magnetometer Niedner and 
Schwingenschuh published evidence for an interplanetary 
sector boundary triggered disconnection event [Niedner and 
Schwingenschuh, 1987]. It is obvious that more information 
is needed to resolve this issue. 
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